Nitrogen (N) fixation is the main source of 'new' N for N-limited ecosystems like subarctic and arctic tundra. This crucial ecosystem function is performed by a wide range of N 2 fixer (diazotroph) associations that could differ fundamentally in their timing and amount of N release to the soil. To assess the importance of different associative N 2 fixers for ecosystem N cycling, we tracked 15 N-N 2 into four N 2 -fixer associations (with a legume, lichen, free-living, moss) and into soil, microbial biomass and non-diazotroph-associated plants 3 days and 5 weeks after in situ labelling. In addition, we tracked 13 C from 13 CO 2 labelling to assess if N and C fixation are linked. Three days after labelling, half of the fixed 15 N was recovered in the legume soils, indicating a fast release of fixed N 2 . Within 5 weeks, the free-living N 2 fixers released twothirds of the fixed 15 N into the soil, whereas the lichen and moss retained the fixed 15 N. Carbon and N 2 fixation were linked in the lichen shortly after labelling, in free-living N 2 fixers 5 weeks after labelling, and in the moss at both sampling times. The four investigated N 2 -fixer associations released fixed N 2 at different rates into the soil, and nondiazotroph-associated plants have no access to 'new' N within several weeks after N 2 fixation. Although legumes and free-living N 2 fixers are immediate sources of 'new' N for N-limited tundra ecosystems, lichens and especially mosses, do not contribute to increase the N pool via N 2 fixation in the short term.
INTRODUCTION
Nitrogen (N) limits the productivity in subarctic and arctic ecosystems (Nadelhoffer and others 1992; Chapin and Shaver 1996) due to low N input via atmospheric deposition (1-2 kg N ha -1 y -1 ) (Van Cleve and Alexander 1981; Gundale and others 2011) , slow N turnover in soils as a result of low temperatures and the accumulation of recalcitrant litter and plant material. Subarctic and arctic tundra harbour a substantial number of N 2 -fixer associations, representing different N 2 fixation pathways, which are key for the N cycle by providing 'new' N to the ecosystem. Bacteria that fix atmospheric N 2 (diazotrophs), thereby converting it into a plant accessible form (organic or inorganic N), are present in N-limited ecosystems as free-living bacteria (heterotrophs and autotrophs) (Liengen and Olsen 1997; Hobara and others 2006) , as moss-associated cyanobacteria (for example, Nostoc spp. with feather mosses; Ininbergs and others 2011) and as cyanobacterial phycobionts in lichens (for example, Peltigera) (Kallio and Kallio 1978) . Furthermore, Sphagnum mosses are colonized by non-cyanobacterial N 2 -fixing associates (Larmola and others 2014) . In addition, legumes (for example, Astragalus) form symbiotic relationships with nodule-forming, N 2 -fixing bacteria like Rhizobium. Accordingly, we distinguish henceforth between free-living diazotrophs not associated with plants, moss-associated diazotrophs, and diazotrophs forming symbiotic relationships in lichens and with legumes.
Although N 2 fixation at the habitat level has been shown to differ between these N 2 -fixer associations (Rousk and others 2015) , the fate of the fixed N 2 remains unknown.
For instance, the contribution to habitat N 2 fixation by the legume Astragalus alpinus was high (>85%), despite its low ground cover in heaths in subarctic tundra, and the feather moss Hylocomium splendens did not contribute much to habitat N 2 fixation (15%) albeit its high groundcover. Surprisingly, few if any attempts have been made so far to quantify the transfer of fixed N 2 via these pathways to other components in tundra ecosystems, and with that, the importance of different N 2 -fixer associations as sources of 'new' N for the ecosystem N pool.
Although legumes, some lichens, several mosses as well as free-living diazotrophs have the ability to fix atmospheric N 2 , their N input to the ecosystem might vary as a result of their different physiologies (see for example, Gavazov and others 2010) . For instance, free-living N 2 fixers easily leak fixed N 2 into the surrounding soil (Belnap 2001) , especially following disturbances (for example, dryingrewetting) and would more easily lose excess N due to their limited capacity to store nutrients. Similarly, given the close proximity of root nodules and surrounding soil, legumes likely lose more N to the soil than rootless lichens and mosses, whose connections to soil are limited and which decompose slowly (Hobbie 1996; Cornelissen and others 2007) . In addition, mosses and lichens are extremely efficient in retaining and recycling acquired N (Oechel and Van Cleve 1986; Crittenden 1998; Aldous 2002; Rousk and others 2014) and therefore regulate the amount and timing of N input to the system (see also Lindo and others 2013) . These collective observations suggest that the range of N 2 fixers in the subarctic differ fundamentally in timing and amount of N release to the ecosystems.
Nitrogen fixation is energetically ''expensive''-16 mol of ATP per 1 mol of N 2 (Vitousek and Field 1999; Igarashi and Seefeldt 2003; Houlton and others 2008) and depends on carbon (C) availability or photosynthesis that provides the required energy (Paul and Clark 1996) . For instance, N 2 fixation in free-living cyanobacteria (Nostoc parmelioides) is linked to gross photosynthesis (Dodds 1989) . Furthermore, if plants and associated diazotrophs trade C and N with each other, optimizing their nutrient status, C fixation and N 2 fixation should be correlated. Similarly, photosynthesis in free-living cyanobacteria could cover the high energy demand of N 2 fixation.
To deepen our knowledge about the coupling between autotrophic C and N 2 fixation and to assess the short-term fate of fixed N 2 in different N 2 -fixer associations (legume: Astragalus alpinus, lichen: Peltigera aphthosa, free-living: cyanobacterial crusts, moss: Sphagnum fuscum), we conducted a 13 CO 2 -15 N 2 dual labelling field experiment in the subarctic and tracked the label into the N 2 -fixer associations as well as into other ecosystem components (non-diazotroph-associated plants, soil, microbes) three days and five weeks after the pulse labelling.
We hypothesized that (1) the retention and transfer of fixed N 2 to the ecosystem differs between the N 2 fixer types, with the following sequence in which the transfer of N to the system decreases from free-living cyanobacteria to mosses and lichens: free-living cyanobacteria > legume > moss-associated = lichen, and (2) N 2 and C fixation are positively correlated in the four investigated N 2 -fixer associations.
MATERIALS AND METHODS

Site Description and Sampling
The experiment was established the 10th of July 2009 near the Abisko Scientific Research Station, Northern Sweden (68°N, 18°E). The annual mean temperature is -0.5°C, the mean temperature in July is 11°C and the annual mean precipitation is 315 mm (30-year mean 1971-2001, http ://polar. se/en/abisko-naturvetenskapliga-station/) (see also Figure S1 in the supplementary material).
Plots were selected in four subarctic vegetation types within an overall area of 0.5 9 0.5 km close to Abisko Scientific Research Station: 1) A Sphagnum bog with an open cover of the dwarf shrub Empetrum hermaphroditum, 2) a heath dominated by the lichen Peltigera aphthosa, and the dwarf shrubs Empetrum hermaphroditum, Vaccinium uliginosum and Vaccinium vitis-idaea, 3) a polygon-patterned ground with open soil (caused by sediment and stone movements during winter) covered by cyanobacterial film (Liengen and Olsen 1997; Sorensen and others 2006) , cryptogamic crust and scattered vascular plants such as Juncus, and 4) the narrow marginal transition zone between the patterned ground and a mixed dwarf shrub heath, with the legume Astragalus alpinus and some grasses (Figure S2) . The water table is low at these sites, at least 40 cm below the soil surface.
Six replicate plots were randomly selected within each vegetation type with a homogenous cover and dominance of the N 2 -fixer associations and were at least 0.5 m apart from each other. The four different N 2 -fixer associations (Astragalus alpinus; Peltigera aphthosa; cyanobacterial crust = upper 5 mm cyanobacterial film on top of the soil; Sphagnum fuscum) including the adjacent vegetation were subjected to 13 C, and 15 N labelling (see below).
Experimental Set-Up and In Situ Labelling
To investigate the short-term fate of fixed N 2 in subarctic tundra, we used in situ 15 N-N 2 pulse labelling of a range of N 2 -fixer associations and followed the label into different pools of the ecosystem. At the same time, we used in situ 13 C-CO 2 labelling in the same plots to identify the link between N 2 and C fixation and to assess photosynthesis in the different plots. In each of the four N 2 -fixer associations, 12 carefully cut mesocosm cores containing the intact N 2 fixers, adjacent vegetation and soil were placed in transparent plastic containers and a vial with lactic acid/glycerine mix was added after which the containers were replaced in the hole where the plant-soil mesocosms were collected ( Figure S2 ). Given the much lower vegetation height in the cyanobacterial crust plots and to ensure similar conditions in the different N 2 fixer plots, we used containers half the volume of the diazotroph-associated plant plots for the cyanobacterial crust plots, so that the headspace in the container above the vegetation was the same in all vegetation types. The containers had a diameter of 10 cm, and a volume of 1 l or 0.5 l, for the diazotroph-associated plants and cyanobacterial crust plots, respectively. To prevent over-pressure in the containers, 100 ml air was removed and 7 mg Na 2 13 CO 3 (99% enriched) dissolved in water was injected in the vial with lactic acid, resulting in the release of 13 C-CO 2 similar to an addition of 0.10 g 13 C m -2 . This corresponded to an increase in the headspace CO 2 concentration from ambient (400 ppm) to 587 ppm CO 2 . Although this could lead to enhanced photosynthesis (Kö rner and Diemer 1987) , arctic-alpine plants respond little to elevated CO 2 , and even N 2 fixation in legumes is unaffected (as reviewed in Kö rner 2003) . In the cyanobacterial crust plots, only four of the six replicates were labelled and used for subsequent analyses due to lack of 13 C label brought to the field site. Eighty ml 15 N-N 2 (98% enriched) was directly injected into the same containers and incubated for 24 h. This resulted in a total addition of 13.8 g 15 N m -2 during the 24 h, after which the lid was removed until harvest.
Harvest and Sample Analyses
Three days (13th of July 2009) and five weeks (19th of August 2009) after the pulse labelling, six cores per site and sampling date were harvested by separating aboveground and belowground plant parts, which were sorted into different species, dried and weighed. In addition, the soils were sampled. In the legume plots, Astragalus plants were further divided into leaves, young sprouts, rhizobia and roots and analysed for 13 C, 15 N enrichment, as was also done for the remaining constituents in the same plots (diazotroph-associated lichens, Empetrum, other evergreen shrubs, deciduous shrubs, grass, Sphagnum/cyanobacterial crust, non-diazotroph-associated lichens, Equisetum, herbs, bulk soil and unspecified roots and stems). The same fractions were harvested and analysed in the lichen, cyanobacterial crust and moss plots. The organic material in the moss plots was peat, and not soil. However, for an easier read and comparison, we refer to ''soil'' in all plots. The soil was homogenized and subjected to chloroform fumigation extraction and analysis as in Sorensen and others (2008) and Larsen and others (2012) (Appendix S1).
Plant and soil material was dried, milled and analysed for 15 N/ 14 N and 13 C/ 12 C as well as for total nitrogen and carbon content using an Isoprime isotope ratio mass spectrometer (Isoprime Ltd., UK) coupled to an Eurovector CN analyzer. Plant and soil samples for analyses of 13 N recovery and to identify the distribution of the label within the plots, we set the total 15 N within a plot to 100% and rescaled the tracer recovery in each pool. We use the term recovery here as a combination of the fixation of 15 N and 13 C and the recovery of the label.
Environmental Conditions
The air temperature during the course of the experiment ranged from 5.5 to 18°C (mean and SE: 13.0 ± 0.6°C) and was 12.6°C at the day of the label addition (10.07.09), 13.7°C at the first sampling (13.07.09) and 5.5°C at the second sampling (19.08.09) ( Figure S1a ). The total daily precipitation was 6.6, 0.1 and 0.1 mm on the day of label addition, three days and five weeks after the label addition, respectively ( Figure S1b ). Soil temperatures in the first 5 cm ranged between 7°C and 12°C during the experiment (9.4 ± 0.2°C) (Figure S1a) .
Statistical Analyses
To test for differences between 15 N and 13 C incorporation and accumulation in the ecosystem components within the plots in the different vegetation types and between the two sampling times we used two-way ANOVAs, with vegetation type and date as factors and interactions between them included, followed by Tukey's Post Hoc Test. The same analyses were performed with the soil and microbial data (inorganic N, total dissolved N (TDN), total carbon (TC), C:N ratios). Correlation between 15 N and 13 C enrichment in the N 2 -fixer associations was analysed with linear regression including date as factor. All data analyses were performed in R 3.0.3. (2014).
RESULTS
Plant, Soil and Soil Microbial C and N Contents
Total tissue N content of the N 2 -fixer associations was similar at the two sampling times but was significantly higher in the lichen than in the other three N 2 -fixer associations (12.1 ± 2.1 g m -2 ; 3.0 ± 0.3 g m for lichen, legume, cyanobacterial crust and moss, respectively) (F 1,3 = 18.9; P < 0.0001) ( Figure S3 ). Soil C and N differed significantly between the vegetation types (F 1,3 = 40.8; P < 0.0001; Table 1 ) and were highest in the lichen and lowest in cyanobacterial crust plots. Nitrate concentrations in soils from all vegetation plots were low, ranging between 0 and 0.3 lg g -1 (Table 1) with the lowest concentrations in the lichen and moss plots (F 1,3 = 5.7; P = 0.003). No differences in NH 4 + -N concentrations between the vegetation types or date of sampling were found. Soil C:N was highest in the moss plots (82 ± 9 and less than 30 for the moss and the other N 2 fixer plots, respectively, F 1,3 = 37.8; P < 0.0001). Total dissolved N (TDN) was significantly lower in the cyanobacterial crust compared to the other plots (F 1,3 = 12.7; P < 0.0001), and the moss plots had lower TDN concentrations than the lichen plots (F = 5.0; P = 0.03; df = 3), with no differences between the sampling times. Soil microbial N was lowest in the cyanobacterial crust plots compared to the other plots (F 1,3 = 15.16; P = 0.0001) and microbial C showed a similar pattern (F 1,3 = 18.9; P = 0.0001) and did not change over the course of the experiment. Microbial C:N ratio was higher in the moss than in the legume and cyanobacterial crust plots (Table 1) .
N and 13 C Incorporation and Accumulation in Soil and Microbes
The incorporation and accumulation of 15 N in soils did not differ in regard to sampling date but was higher in the legume plots than in the other plots (F 1,3 = 10.1; P = 0.0001; Fig. 1 ). Also, 15 N incorporation into soils in the legume plots was similar to the 15 N incorporation in the legume itself when the values for both dates were combined (103.7 ± 18.5; 107.8 ± 4.8 mg 15 N g -1 m -2 for soil and legume, respectively).
15 N incorporation into the microbial biomass was highest in the legume plots 3 days after labelling (F 1,3 = 3.0; P = 0.04) and 15 N accumulation decreased after 5 weeks (F 1,3 = 5.0; P = 0.008), whereas microbial 15 N accumulation in the other plots did not change with time (Figure 2 ). After three days, the transfer of 15 N to the microbial biomass made up 0.5% of total incorporated 15 N both in the legume and in the cyanobacterial crust plots, but only 0.01 and 0.02% in the lichen and moss plots. Five weeks after labelling, 15 N recovery in the microbial biomass was much lower in the legume (0%), and still higher in the cyanobacterial crust (0.24%) than in the lichen (0.10%) and moss (0.07%) plots, albeit there was an increase in these plots with time ( Figure S4a ). 
Nitrogen Transfer from Four Nitrogen-Fixer Associations to Plants and Soils
Incorporation and accumulation of 13 C into the soil collected in the cyanobacterial crust plots was close to natural abundance levels at both sampling dates, and thus, much and significantly lower than in the other vegetation types (F 1,3 = 5.39; P = 0.003; Fig. 3) . Three days after labelling, 13 C incorporation into the microbial biomass was highest in the cyanobacterial crust plots and lowest in the lichen plots (F 1,3 = 6.5; P = 0.001).
13 C accumulation was significantly lower 5 weeks after the label addition in the cyanobacterial crust plots (F 1,3 = 10.61; P = 0.002). Three days after labelling, 13 C recovery in the microbial biomass as fraction of ecosystem recovery was highest in the cyanobacterial crust plots (1.8%), similar in the moss (0.53%) and legume (0.52%) plots and lowest in the lichen plots (0.24%).
13 C recovery was lower 5 weeks after the label addition in the 
C
The total 15 N uptake at plot level was similar between the two sampling dates, but differed between the N 2 fixer plots: the total 15 N accumulation (N 2 fixation, turnover and storage) was far higher in the legume (means for both dates ± SE: 39.1 ± 14.5 mg 15 N m -2 ) and lichen plots (33.2 ± 20.9 mg 15 N m -2 ) than in the cyanobacterial crust (5.8 ± 3.1 mg 15 N m -2 ) and moss (10.0 ± 6.4 mg 15 N m -2 ) plots (F 1,3 = 5.31; P = 0.001; Fig. 1 ).
13 C accumulation (photosynthesis minus respiratory loss of 13 C) was not different between the two sampling dates, but it was highest in the moss plots (0.5 ± 0.1; 0.4 ± 0.1; 0.2 ± 0.06; 0.8 ± 0.4 g 13 C m -2 ,for legume, lichen, cyanobacterial crust and moss plots, respectively) (F 1,3 = 12.78; P < 0.0001; Fig. 3 ).
N and 13 C Incorporation and Accumulation in the N 2 -Fixer Associations
Between sampling times, no significant differences in 15 N incorporation and accumulation in any of the four N 2 -fixer associations were found. But 15 N incorporation and accumulation was higher in the lichen than in the cyanobacterial crust and moss (F 1,3 = 5.9; P = 0.001), and was distributed differently among ecosystem compartments in the four habitats (Fig. 1) . The amount of N 2 fixed was lowest in the cyanobacterial crust plots (0.6 ± 0.1 kg N ha -1 y -1 ), followed by the moss (1.0 ± 0.1 kg N ha -1 y -1 ), and was highest in the lichen (3.5 ± 0.4 kg N ha -1 y -1 ) and legume plots (4.2 ± 1.0 kg N ha -1 y -1 ), assuming half a year of no activity due to winter conditions. Incorporation and accumulation of 13 C was similar between the sampling times, and was highest in the moss (3.7 ± 0.2 g 13 C m -2 day -1 ) (F 1,3 = 52.9; P < 0.0001; Fig. 3 ).
Total Recovery of 15 N at Ecosystem Level: Transfer to Soil and Non-diazotrophAssociated Plants
The 15 N recovery as plot-specific total uptake in the N 2 -fixer associations was similar three days and five weeks after labelling in the legume (42 vs. 44%), lichen (88 vs. 91%) and moss (99% both times) (Fig. 4) . However, 15 N recovery in the cyanobacterial crust decreased from 96% after three days to 30% after five weeks of labelling, whereas the recovery in the soil increased from 0 to 66% (Fig. 4) . The recovery of 15 N in the soil from the legume plots remained similar throughout the experiment and was similar to that in the legume itself (47 vs. 40%, 3 days vs. 5 weeks after labelling). The 15 N recovery in the non-diazotroph-associated plants was small. Shortly after labelling, the non-diazotroph-associated plants contained 3.7% of total ecosystem 15 N in the legume, 2.0% in the cyanobacterial crust, 1.1% in the lichen and only 0.3% in the moss plots (Fig. 1, 4) . C enrichment in the lichen were significantly correlated three days after labelling (P = 0.03; R 2 = 0.70), and five weeks after labelling in the cyanobacterial crust (P = 0.04; R 2 = 0.88). In the moss, 15 N and 13 C enrichment were significantly correlated at both sampling dates (P = 0.03; R 2 = 0.68 and P = 0.02; R 2 = 0.64 3 days and 5 weeks after sampling, respectively), whereas no significant relationship was found for the legume (Fig. 5) .
DISCUSSION
The Fate of Fixed N 2
Our study provides novel insights into the shortterm fate of fixed N 2 by the key N 2 -fixer associations in subarctic tundra. Long-term fertilizer addition and warming of several vegetation types 15 N recovery in the four different N 2 -fixer associations (A Legume, B Lichen, C Cyanobacterial crust, D Moss). Shown is the recovery as % of total plot uptake 3 days (incorporation) as well as five (accumulation) weeks after the pulse labelling in the N 2 -fixer associations as well as in the ecosystems components (soil, roots, non-diazotroph-associated plants = shrubs, herbs, graminoids, horsetail, unspecified stems). Please see legend for label explanation of the fractions.
close to our study sites has demonstrated N and temperature limitation of heath vegetation (Michelsen and others 2012). Here, N can be provided through N 2 fixation by a wide range of diazotroph associations, which, as we show here, fix N 2 at rates that differ between vegetation types, with higher N 2 fixation rates in the legume Astragalus (4.2 ± 1 kg N ha -1 y -1 ) and the lichen Peltigera (3.5 ± 0.4 kg N ha -1 y -1 ) than in the cyanobacterial crust (0.6 ± 0.1 kg N ha -1 y -1 ) and the moss Sphagnum (1.0 ± 0.1 kg N ha -1 y -1 ). Those rates are comparable to previously reported values for N 2 fixation in the subarctic, ranging between 0.3 and 4 kg N ha -1 y -1 (Longton 1997; Sorensen and Michelsen 2011) . In comparison, atmospheric N deposition in these areas is below 2 kg N ha -1 y -1
(Van Cleve and Alexander 1981); thus N 2 fixation in subarctic tundra can easily exceed N input from atmospheric deposition. Given the short vegetation period in subarctic tundra that requires quick assimilation of N and other nutrients to ensure growth after snowmelt, the short-term fate of N can affect the yearly production fundamentally. Furthermore, microbial growth is most commonly limited by the availability of C, thus plant C drives the microbial N loop in soils (Knops and others ) and 13 C (mg g dw -1 ) incorporation and accumulation in the four investigated N 2 -fixer associations. Data points are from both sampling campaigns: 3 days (black circles) and 5 weeks (open circles) after the labelling. For the legume, accumulation in aboveground as well as in belowground plant parts are shown (n = 28). N = 6 for lichen and moss, and n = 4 for the cyanobacterial crust plots for each sampling date. Please note the different ranges in the y-and x-axes. Significant (P < 0.05) linear regressions, separated by date, are plotted.
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). In N-limited subarctic and arctic ecosystem however, even microbes might be limited by N (Sistla and Schimel 2012) , and rely on the N input from N 2 fixers. Therefore, the N cycle will vary greatly depending on the diazotrophs present, which differ fundamentally in fixation rates as well as in the timing and amount of N released. In accordance with our first hypothesis, both the lichen and the moss retained the fixed N 2 over five weeks and did not release any significant amounts of 15 N to the surrounding soil and non-diazotrophassociated plants (see also for example, Oechel and Van Cleve 1986) . The fixed N 2 in mosses and lichens is likely only released upon disturbances like freeze-thaw events others 2007, 2012) and drying-rewetting events (Carleton and Read 1991) , which lead to compromised membrane integrity resulting in leaching of nutrients. In contrast, in the legume plots, half of the fixed 15 N was recovered in the soil shortly after the labelling, suggesting that transfer of fixed N 2 from the rhizobia to the surrounding soil including the microbes occurred. We cannot exclude that the soil fraction includes small fine root and lichen fractions as well as tiny rhizobial root nodules, which could not be separated sufficiently from the soil. Alternatively, heterotrophic N 2 fixation could have contributed to the 15 N enrichment in the legume soils. However, if heterotrophs were responsible for N 2 fixation in these habitats, we would expect similar contribution in the other N 2 fixer plots, which were situated next to the legume plots (see Figure S2 ), but this was not the case. In addition, legumes contribute most to habitat N 2 fixation in dry as well as wet heaths in subarctic tundra (Rousk and others 2015) . The 15 N recovery in the legume and lichen plots were very variable which may be a result of high variation in biomass and 15 N enrichment in the dominant N 2 fixers, emphasizing the patchiness of arctic ecosystems, with high variation on small scales others 2011, 2014) .
The free-living cyanobacteria seemed to release most of the fixed 15 N 2 into the soil within 5 weeks. In accordance with that, N 2 -fixing soil crusts may release 5-70% of fixed N 2 within 2 days to the surrounding soil, and the release is greater when the conditions are not optimal (for example, temperature, drying-rewetting events) (Millbank 1978; Belnap 2001 ). In addition, in low N environments, free-living cyanobacteria might lose nutrients via diffusion (Dodds and others 1995) . The rain event prior the second sampling ( Figure S1b ) could have washed microbes away in the cyanobacterial crust, as microbial C was slightly lower at the second harvest, or led to a loss of N via leaching or via increased microbial activity upon the rain event, which could have freed-up nutrients, but on the other hand, the microbial N was unchanged. Losses via denitrification cannot be ruled out, however, the low nitrate concentrations in the soils (Table 1) would not promote N 2 O production. Further, denitrification rates in similar ecosystem types close to our study sites were below the detection limit (Sorensen and others 2006) .
Lichen tissue, the soil in the same plots as well as soils in the legume plots had high N concentrations ( Figure S3 ; Table 1 ), indicating high N 2 fixation activity, and release of fixed N 2 from rhizobia into the surrounding soil via leaching and root exudation in the legume plots. Additionally, the N-rich litter of the legume would promote decomposition (Høgh-Jensen 2006) . The soils in the moss plots had low N and high C contents, indicative of slow decomposition and nutrient cycling in the acidic and cold environment (Fenton and others 2010) .
The low 15 N accumulation in the non-diazotroph-associated plants suggests that the N 2 fixed by the four investigated N 2 fixers is not readily available for the non-diazotroph-associated plants in the ecosystems. Nevertheless, fractions of ecosystem 15 N recovery in soils, microbes and nondiazotroph-associated plants were higher in the legume and cyanobacterial crust plots than in the lichen and moss plots. In subarctic habitats, cyanobacteria and legumes might present shortterm sources of available N, whereas mosses and lichens represent short-term N sinks (see for example, Rousk and others 2014; Stewart and others 2014) . Mosses can store N and C in recalcitrant pools (for example, Woodin and others 2009), rendering them unavailable for months or even years (for example, Rousk and others 2014).
Hardly any study followed 15 N-N 2 into N 2 fixers and into other ecosystem components. Therefore, comparisons with previous results are difficult. However, Mohr and others (1998) incubated alfalfa for 7 weeks with 15 N-N 2 and recovered 5% of the total 15 N in the microbial biomass, whereas 88% remained in the legume. We found lower (<0.5%) 15 N recovery in the microbial biomass (Fig. 2) but up to about 50% 15 N recovery of fixed 15 N in the soil compartment, which could be due to much shorter labelling period, a dilution of the label in the soil N pool, or sorption of N into soil organic matter.
Nitrogen Transfer from Four Nitrogen-Fixer Associations to Plants and Soils
Accumulation of 13 
C in Soils and Microbial Biomass
The accumulation of 13 C in the microbial biomass decreased in all vegetation types except in the legume plots, indicating fast microbial turnover of labile compounds into which 13 C had been fixed within five weeks. The microbial biomass accounted for a small proportion of the C pool in our study system, which is in accordance with other studies tracing 14 C from CO 2 into microbes in tussock and wet sedge tundra (<2% of plant assimilated after 7 days of labelling; Loya and others 2002). Very little 13 C accumulated in the soils collected in the cyanobacterial crust plots, which is likely a consequence of the low plant abundance, and the lack of roots and root exudates. Yet, microbial 13 C as well as 15 N enrichment as fraction of ecosystem recovery was higher in the cyanobacterial crust plots compared to the lichen and moss plots, indicating that the free-living cyanobacteria released C and N quickly after fixation and this became available for the microbial pool.
Link Between N 2 and C Fixation
The moss fixed more 13 CO 2 than the other N 2 fixers and ecosystem components despite similar or lower N 2 fixation. This is probably due to high moss cover and biomass in the plots, compared to the other N 2 -fixer associations (Table 1) . Although the 13 C labelling might have increased photosynthesis in the plots (Kö rner and Diemer 1987) , comparisons between the different N 2 -fixer associations are still valid. The legume and lichen exchange C for N with their N 2 -fixing associates, the more C the plant fixes, the more N it might receive in return. Transfer of fixed N 2 from moss-associated diazotrophs to the moss has been suggested (Berg and others 2012) , but a potential exchange of C remains unknown. However, shortly after fixation, a link between 13 C and 15 N enrichment was only found in the lichen and the moss (Fig. 5) . Whereas after five weeks of labelling, 15 N and 13 C accumulation were linked in the cyanobacterial crust and in the moss. This is in contrast to our second hypothesis, stating that N 2 and C fixation is linked in all N 2 -fixer associations. The short-term link in the lichen and moss suggests that one process is dependent on the other, or both on each other. The free-living cyanobacteria on the other hand might decouple N and C fixation due the damaging effects of C fixation on N fixation (Smith 1984) , whereas C fixation in the lichen and moss might be spatially separated from N 2 fixation. The link between N and C accumulation after five weeks in the moss and cyanobacterial crust might reflect storage of C. For instance, mosses can retain assimilated C over several weeks, and have been found to allocate 80% of the C to recalcitrant C pools (Woodin and others 2009 , see also Koranda and others 2007; Street and others 2013) . Although 13 C and 15 N enrichment was not correlated in the legume, C and N could still have been taken up simultaneously. The 13 C label might be quickly respired, and is diluted by the high amount of C in the biomass, whereas N is retained in the legume and other ecosystem compartments. In addition, the symbiotic association between legume and diazotrophs could have had sufficient energy stored to maintain N 2 fixation without fixing additional C.
CONCLUSIONS
We have shown that free-living cyanobacteria and particularly legumes represent immediate sources of N for the ecosystem compared to mosses and lichens, which release N via slow decomposition and upon disturbances. In N-limited arctic ecosystems, the co-occurrence of different N 2 fixers could thus represent a constant supply of 'new' N for the ecosystem by complementing each other in the timing of N release. Longer term studies that also include N sources from decomposition, N mineralization and nutrient turnover would be highly valuable to inform and parameterize global N circulation models. Nevertheless, the ecosystem N cycle might be fundamentally affected in a future climate given the predicted changes in plant communities in the Arctic (for example, shrub expansion at the expense of bryophytes) (Elmendorf and others 2012) . Losing the main sources of 'new' N in N-limited ecosystems however, will have wide ranging implications at ecosystem, if not, at a global level. laboratory analyses and fieldwork, Gosha Sylvester for assistance with chemical analyses at the University of Copenhagen, and Signe Lett for valuable comments and suggestions.
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